ABSTRACT
45
• load increases, especially for bridges and industrial buildings;
46
• design or construction errors; and
47
• damage to structural elements caused by deterioration of construction materials or the 48 application of unexpected loads such as fire, earthquake, or impact (Assoodani, 2014) . performance can be of concern, and may be a need for ongoing maintenance due to corrosion 60 attack. Amongst the available strengthening techniques, the use of fibre reinforced polymers 61 (FRPs) is appealing because of their resistance to corrosion, low weight, and high tensile 62 strength.
63
The use of these composite materials for structural strengthening of both steel and concrete 64 structures is seen as a promising technology. However, most of the work to date has been 65 focused on concrete structures. The key reason for the less common use of FRPs for 66 strengthening steel structures is their comparatively low tensile modulus of elasticity. This 67 means that either a more costly high modulus carbon fibre reinforced polymer (CFRP), 68 and/or a greater thickness of FRP material is needed for strengthening. By adding externally 69 bonded FRPs, the stress levels in the original member may decrease, thus resulting in a 70 longer fatigue life. 
79
The project presented in the current paper examines strengthening of the webs of steel plate 80 girders against shear buckling using externally bonded FRPs. In-plane loading of thin web 81 plates close to the shear buckling load results in out-of-plane displacements, which in turn 82 induces secondary bending stresses at the welded web plate boundaries. Under repeated 83 loading the combined state of membrane and secondary bending stresses may result in fatigue 84 cracking and failure. In the current work, an FRP strengthening technique using bonded 85 shapes is applied to resist these out of plane deformations by stiffening the steel plate, rather 86 than to provide additional direct tensile strength (as is the case in flexural strengthening), fatigue crack initiation varied considerably; for higher load ranges the rate of propagation of 96 fatigue cracks was reasonably uniform, while for lower load ranges it was variable.
97
On the basis of their research, Roberts et al. (1995b) stated that stress ranges at potential 98 fatigue crack locations could be predicted using nonlinear finite element analysis (FEA) or 99 approximate analytical solutions. They also showed that the fatigue assessment procedures 100 recommended in the Eurocodes, based on either principal stress ranges or normal and shear 101 stress ranges, provided conservative estimates of the fatigue life for slender webs subjected to 102 plate breathing. Skaloud and Zornerova (2005) continued to study fatigue of slender plates. They studied the 104 limit state for the webs of steel plate girders subjected to repeated loading, and stated that the Patnaik and Bauer (2004) studied the effect of shear and flexural strengthening in steel beams 108 using CFRP covering. Thirty-percent increase in load bearing capacity was observed in 109 beams which went under tests for flexural strengthening using CFRP on tensile flange while 110 62-percent increase in shear capacity was observed for beams used for studying the shear of 111 CFRP strips in the beam web.
113
Limited numbers of researchers have studied strengthening of steel plate girders under short 114 term shear loading. One such study is by Okeil et. al. (2009) Bhutto (2013) presents similar testing on eight CFRP and GFRP strengthened plate girders.
130
The CFRP used was carbon fabric sheets applied in layers by a wet layup process, while the 131 GFRPs used were T and I-sections adhered vertically and diagonally to the web plate to act as 132 substitutes for steel stiffeners. The ultimate loads were increased by 1.20 to 1.54 times due to 133 FRP strengthening. Fig. (2-a) plate in all modelling cases for optimizing the corrugation geometry.
163
Each of the three profiled shapes was tested numerically using elastic bucking analysis 164 available in the FEA code Abaqus. The FRP panels were assumed to be made of GFRP 165 laminate with a thickness of 1.4mm and a modulus of elasticity of 14.4GPa. The FRP section 166 was bonded (tie constrained) to an S275 steel plate having dimensions of 615×245×2mm.
167
Fixed boundary conditions were imposed at both ends of the steel plate, except for the in-168 plane axial displacement at the loaded edge. This plate was used to represent a compression 169 diagonal strip from the steel plate as shown in Fig. (3-c) . A reduced integration linear 4-170 noded shell element (S4R) was used for both the steel and the FRP.
171
The results of this preliminary FEA showed that Euler critical buckling loads were 10.3kN, clamped boundary conditions were investigated, and the shear stress was applied to the plate 197 boundaries exactly as in the main model shown in Fig (2-a) . 
EXPERIMENTAL PROGRAMME

232
The objective of the experimental programme was to develop a system to increase the 233 stiffness and strength of web plates. The system in the current work was applied to the web of 234 a presumed end panel in a steel bridge, where high shearing forces are typically exerted.
235
While limited previous work has shown that strength increases are possible for steel 236 structures reinforced with FRPs, relatively little stiffness increase has been observed to date.
237
To provide stiffness increases to thin steel web plates while minimizing material costs, a 
FRP Material and Geometrical Properties
264
Four types of woven FRP cloth were used: Carbon fibre 2/2 twill 12k 450g, carbon fibre 2/2 265 twill 12k 650g, biaxial glass cloth 440g, and biaxial glass cloth 600g. Table 1 gives the 266 manufacturer specified properties of the carbon and glass fibres.
268
Two types of carbon and glass fibre sheets were used so as to maintain the same fibre volume (7). These were joined together with preformed GFRP or CFRP sheet panels. Surface 281 preparation for the steel consisted of sanding with 120 grit emery paper to achieve a uniform 282 surface that was free from surface contamination and mill scale. Schnerch (2005) suggested 283 that for the preparation of small areas this provides good mechanical keying suitable for 284 adhesive bonding to steel. Immediately prior to application of the resin, the surface was 285 cleaned with acetone. The plates were clamped using a special jig to maintain their alignment 286 during curing.
287
During bonding a uniform coating of epoxy was applied to one side of the steel plate in the 288 bonded region, and the FRP panel was placed onto the steel plates, with 25.4mm of overlap 289 on each of the steel plates. The sheets were then pressed into the resin on the steel plates. A 290 1.9mm gap was left between the steel plates to minimize the effect of end-to-end bonding.
291
Once the resin had cured sufficiently, the same procedure was repeated on the reverse side.
292
Specimens were cured for at least seven days prior to testing. 
294
Three different epoxies were trialled to find the best one for the wet lay-up process and the
295
bonding process. Epoxy resins tested were EL2 resin, Tyfo s saturant, and Sikadur-330. Table   296 (2) summarizes these tests and the average shear strength for each one. Each value in the 297 table is the average of three tests. The EL2 resin was chosen for saturation while Sikadur-330 298 was chosen as the bonding adhesive. After sufficient curing the panels were cut into coupons 50mm in width using a tile saw. Pre-309 manufactured tapered GFRP tabs were bonded to each coupon to prevent premature failure in 310 the wedge action grips of the testing machine. All tabs were adhered using EL2 resin. After 311 adhering, the tabs and adhesive were allowed to cure at room temperature for at least 48 312 hours before testing.
313
The FVF of the specimens was calculated based on the weights of the dry fibre fabric before ρ r = Density of the epoxy resin.
321
The thickness of each coupon was measured at six locations; the width was measured at three 322 locations. Averages of these were used to determine the cross-sectional area of the coupons.
323
All coupons were tested using an electro-mechanical Instron testing frame, under crosshead 324 stroke control at a rate 1.0mm/minute with data recorded at 1.0 Hz. Strains were measured 325 using digital image correlation (DIC). Specimens were painted with a high-contrast pattern 326 and a series of images were captured at 0.2 Hz using a digital camera ( Fig. 8-b introduced.
337
The Hex preformed corrugated sections were made by wet layup process of the two types of section would cause any lack of bonding due to its lesser adhesion area. for better simulation of buckling of steel plates under pure shear loading.
360
The validity of the design for the picture-frame rig was established using finite element glass fibres, and the shape of the preformed panels' end cut. These are shown in Table ( load. This will be discussed and more investigated in the following section. The behaviour of the strengthened specimens is different and from Fig. (12) , it can be divided 445 into three categories depending on the type of the FRP panel used. The first category 446 followed the tri-linear behaviour of the control specimen but with a stiffer response, a good 447 example of this type of behaviour is the CFRP strengthened specimens in Fig. (12-a) be seen in the GFRP strengthened specimens in Fig. (12-c) this load announcing the development of the tension field.
EXPERIMENTAL RESULTS
405
468
With respect to the strengthened specimens, no buckling loads could be determined from tested plates. This is postulated to be caused by a minor slip in one of the tension corners of 474 the picture-frame testing rig in some of the tests.
475
Typical photos for specimens after failure are given in Fig. (13) . These photos were taken 476 after the picture-frame was dis-assembled and the steel plate is taken out. Form these photos,
477
it can be seen that the proposed strengthening technique succeeded in reducing the out-of-478 plane displacement and changed the buckling mode. volume fraction. From this figure it can be seen that the three-layer GFRP panels were more 504 effective in the initial stages but had the same stiffness in the later stages. However, the three-505 layer GFRP panel showed more integrity and did not crack at the ultimate load the way the 506 two-layer GFRP one did; this can be seen by comparing the failed specimens' photos in Fig. 
507
(13-a). In contrast, the three-layer CFRP panel behaved almost the same as the two-layer one 508 and had even lower ultimate capacity. them to the load-deflection curves, it is self-evident that buckling curves are more 545 representative when it comes to shear buckling failure and should be used instead of the usual 546 approach of using the load-deflection curves.
547
Assessing the Stiffening Effect of the FRP Panel
549
Despite the fact that there is an obvious buckling behaviour for the control specimen as can 550 be seen from its buckling curve, see Fig. (12) ; no obvious buckling load could have been 551 estimated from the buckling curves for the other 12 strengthened specimens. This is why 552 there are no values stated for the buckling load in Table 4 .
553
For further investigation of the buckling load and to address the problem of the initial slack in 554 the curves due to the minor slippage at the initial loading stage as mentioned above, the 555 buckling curves were reproduced; see Fig. (15) . The two axes in Fig. (15) plane displacement by a limiting displacement (which is believed to be the limit where the 560 behaviour of the curves turns into non-linear). The value of 1.0 mm is chosen as this limit 561 because it represents the average limit between linear and non-linear parts in all the tests.
562
In Fig. (15) , the slack caused by the abovementioned minor slippage was treated by drawing where bucking is a sudden phenomenon followed by the formation of the diagonal tension 568 field, to a typical composite section plate where no sudden buckling is taking place anymore 569 and the deformation process is progressing in a more stable manner.
570
The above discussion could be justified by the fact that the compression diagonal is not steel plate is not only maintained but even improved as will be seen later in this section.
586
Another important observation is that the tension field will act as bracing force for the 587 composite compression strut in the central area leading to more buckling resistance. This 588 means that with the proposed strengthening technique we have both the advantage of the 589 composite strut resisting the compression force and the biaxial action of the steel plate in 590 resisting the shear stress at the same time.
591
However, the stiffness of the strengthened specimens is obviously much higher than the 592 control one and this need to be quantified. To do so, a relative stiffness increase index is 593 introduced. This stiffness index can be explained by looking at Fig. (15-a) , the shaded area 594 between the vertical axis (the load axis) and the modified bucking curve was calculated for 595 the control specimen and then compared to the same area for the other strengthened Another important property that needs to be quantified as well is the change in energy 604 absorption capacity (ductility) of the specimens. Usually the increase in the capacity of the 605 strengthened specimen comes at a considerable reduction in the energy absorption (Okeil et 606 al, 2009) . In this study, the proposed strengthening technique is targeting the out-of-plane 607 displacement while limited and insignificant effect is observed with the deflection curves.
608
This will lead to the controversial question whether we should use the deflection curves or 609 the buckling curves to estimate the energy absorption capacity. However, this is not the core 610 of this study; therefore a simple relative energy absorption index is proposed to compare the 611 ductility of the strengthened specimens with the control one.
612
The increase in energy absorption factor can be taken as the area between the horizontal axis
613
(the displacement axis) and the modified buckling curve of the strengthened specimen 614 divided by the same area for the control specimen, see Fig. (15-a) . The limit of 10mm was 615 chosen to be the basis of comparison because most of the tested specimens reached this 616 value; however, the ones who were stopped before this limit for technical reasons were 617 extended to an out-of-plane displacement equals 10mm. Thus, the relative energy absorption where:
E.I: is the relative energy absorption index, Asb: is the area between the horizontal axis (the displacement axis) and the modified buckling curve for the strengthened specimens, Acb: is the area between the horizontal axis (the displacement axis) and the modified buckling curve for the control specimen. times and that was not on the expense of energy absorption as it is improved up to 50%. It is 627 worth mentioning that these two factors were not calculated for specimens with irregular 628 buckling curves where the mode of buckling is altered (i.e. SP-8, SP-10, and SP-12).
630
NUMERICAL MODELLING
631
A non-linear finite element model was used to model the test specimens. These preliminary 632 models are meant to act as indicators and bench marks for the tested specimens and to prove 633 the validity of the proposed picture-frame testing rig; rather than an accurate finite element 634 simulation to be used for a parametric study in the future. More accurate models shall be 635 presented in a separate paper for the cyclic series of tests. Commercial software (Abaqus 636 6.10) was used. The steel plate and the FRP panel were modelled using a nine node reduced 637 integration shell element S9R5, which have five degrees of freedom per node. This element is 638 not available in Abaqus standard CAE and can be used only through an Abaqus input file.
639
S9R5 elements are meant for slender plates and were derived originally according to
640
Kirchhoff thin plate bending theory. A Matlab code was written to create the nodes and 641 element incidences to be incorporated in Abaqus input files. The size of the web elements 642 was chosen to be 20×20mm based on the aforementioned convergence study. The initial 643 imperfection was found using the elastic Eigen buckling modes; these were initiated using the 644 buckling analysis available in Abaqus CAE and then imposed as an initial imperfection using
645
Abaqus script commands in the input file.
646
A bilinear elasto-plastic stress-strain curve was adopted for the steel constitutive model, with though it is known that tie constraint will give higher capacity than the same model with 652 cohesive surface interaction instead.
653
Due to the numerical analysis time cost of the original picture-frame finite element model
654
( Fig. 10-b) , which takes usually between 24 to 36 running hours on a core i7 laptop; a the test even when the steel plate was highly deformed and fully yielded.
698
The variables studied in this series were, (1) the effect of FRP material which significantly 699 affected the stiffness and buckling behaviour of the strengthened specimens. The CFRP 700 showed more superior behaviour in increasing the stiffness and the shear buckling stress of 701 the strengthened specimens due to its higher modulus of elasticity than the GFRP; (2) Table 1 Manufacturers' fibre properties Table 2 Double shear lap test series results* Table 3 Mechanical and geometrical properties of FRP used in this study Table 4 Test variables Table 5 Increase in stiffness and energy absorption indices for the initial series Table 6 Simplified picture frame model boundary conditions 
800 801 802 Table 6 : Simplified picture frame model boundary conditions Phase-4. 
